Background. In the United States and Europe, more than 30% of women over 18 years
Introduction
Many people in the United States and Europe use hair dyes, more than one-third of women over 18 years and approximately 10% of men over 40 years are using hair colouring products. When using hair colouring products, it is important to know whether exposure to hair colouring products have health risks (1) . There are different types of hair colouring products, e.g. permanent and semi-permanent hair dyes which make up approximately 80% of the currently market products. Permanent hair dyes penetrate inside the hair shaft.
These hair dyes contain chemicals (e.g. ammonia) and hair dye couplers (e.g. resorcinol), which have an interaction with oxidative components (e.g. hydrogen peroxide) to form the pigment molecules. In contrast, semi-permanent hair dyes are non-oxidative and do not or partially penetrate into the hair shaft. Therefore, the hair colouring effects of permanent hair colouring products will remain longer in contrast to semi-permanent hair colouring products (1, 2).
There are some concerns about the harmful effects of hair colouring products, since 5000 different chemicals are used in these products. In addition, the oxidative stress potential of permanent and semi-permanent hair dyes have been investigated. Basic Yellow 57, which is a component applied in semi-permanent hair dye formulations, did not lead to radical formation. However, intracellular reactive oxygen species (ROS) measurements revealed increased levels of ROS inside human skin cells. In addition, Basic Yellow 57 was able to induce DNA oxidation as measured by the 8-oxo-G levels in human keratinocytes and 321 therefore some DNA damaging effects were indicated [Thalita Boldrin Zanoni, Personal communication]. Thus, the application of BY57 may lead to toxicity and DNA damaging effects in human keratinocytes.
Since the interaction of Basic Yellow 57 with other (oxidizing) hair dye components has not been investigated yet, the present study has focussed on the DNA damaging effects of these interactions. Below, a short description will be given of the investigated components.
Basic Yellow 57 and Hydrogen Peroxide
Basic Yellow 57 (BY57) is a synthetic, semi-permanent hair dye colour and is applied in direct hair colouring products. The Scientific Committee on Consumer Safety (SCCS) evaluated whether Basic Yellow 57, in non-oxidative hair dye formulations, is safe with a certain exposure concentration on the scalp. The final concentration of BY57 applied in direct hair dye formulations is 2.0% (4). BY57 is a mixture containing 63.5% dye, 9.6% sugar, 6.9% volatile matter and 20% inorganic salts (chloride, sulphate etc.) (5) . The SCCS assumed that Basic Yellow 57 is used without combining it with oxidising agents (e.g. hydrogen peroxide) (4). However, in commercially available hair colouring products, Basic Yellow 57 is used in combination with hydrogen peroxide. In addition, hydrogen peroxide is indicated as an ingredient suspected to cause skin or organ toxicity, therefore this product has been banned for use in cosmetics in Canada. In contrast, hydrogen peroxide has many physiological functions in the human body. For example, hydrogen peroxide is able to activate immune cells and lead to vascular remodelling (6, 7) . The concentration hydrogen peroxide applied in hair dyes varies and differs between different sources. In conventional hair dyes, the range of applied hydrogen peroxide varies from 3% up to 12% (8, 9) . Since some hair colouring products contain percentages of hydrogen peroxide up to 12%, hydrogen can cause harmful effects after the application on the human skin. Finally, the SCCS stated that the use of Basic Yellow 57 is without a risk to the consumer, assuming that BY57 is used in non-oxidative hair dye formulations (4, 5) .
Resorcinol
Resorcinol is a phenol derivative in which a hydrogen atom is substituted by a hydroxyl group. This chemical is present in natural products, such as broad bean, peels and is a component of tobacco smoke. Furthermore, resorcinol is used in the production of different kind of mechanical goods, is a chemical intermediate for the manufacture of chemicals and is present in creams and lotions (10) . In oxidative hair dyes, the amount of resorcinol is around 5% or even lower, in practice the free resorcinol level is limited to 1.25%. Resorcinol is used in pharmaceutical preparations for the treatment of different skin the present study, the tested concentrations are based on the proportion of the hair dye components as present in commercially available hair dye products. Since it is expected that potential DNA damage induced by these hair dye components can be due to NADPH oxidase generated reactive oxygen species (ROS), an NADPH oxidase inhibitor will be used to evaluate the potential mechanisms involved in DNA damaging effects of BY57 and combinations with hydrogen peroxide and resorcinol.
Material and methods

Cell culture
For in vitro evaluation of toxic effects of hair dye components, the HaCaT cell line was used. HaCaT cells are in vitro spontaneously transformed, immortalized keratinocytes derived from histologically normal skin. These human keratinocytes were cultured in DMEM medium containing 4.5 g/L D-glucose and 25 mM Hepes (Gibco, UK), supplemented with 50 µg/mL penicillin (Gibco, UK), 50 µg/ml streptomycin (Gibco, UK) and 10% of Foetal Calf Serum (Gibco, UK). The cell culture was incubated at 37ºC in 5% CO 2 in air.
Treatments of human keratinocytes
The human keratinocytes (HaCaT cells) were seeded into 12-or 24-well culture plates at a density of 1 x 10 5 -2.5 x 10 5 cells per well by using the Bürker counting chamber. Furthermore,
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the cells grown at 37ºC in 5% CO 2 in a tissue culture incubator for approximately two days until 80-90% confluent monolayers were obtained. After washing the cells with HBSS, the human skin cells were incubated with various concentrations H 2 O 2 (0-160 µM), resorcinol (0-100 µg/ml), BY57 (0-100 µg/ml) and the possible combinations of these components at 37ºC for 30 minutes. The concentrations of these components were calculated based on penetration studies which have measured the percentages of the hair dye components that are able to penetrate through the skin layers in vitro (BY57: 2.44%; resorcinol: 0.4%) (1, 5) . Furthermore, the hair dye components were also tested in the proportions as found in commercially available hair dye products (2% BY57; 1.25% and 5% H 2 O 2 ) and were diluted 100, 1000 and 10.000 times based on calculated dilutions of the components as present in the underlying skin layers. In order the evaluate the mechanisms of the potential DNA damaging effects of the hair dye components, the keratinocytes were exposed to DPI (10 and 50 µM) and HU (10 mM) and in combination with BY57, resorcinol and H 2 O 2 . All the components and their combinations as well as the combinations with DPI and HU were mixed and diluted in DMEM without Foetal Calf Serum (FCS) before adding to the keratinocytes. DPI was used as an NADPH oxidase inhibitor which has frequently been used to inhibit the production of reactive oxygen species (ROS) (13) . In order to inhibit the DNA repair system in the HaCaT cells, hydroxyurea (HU) was used as a ribonucleotide reductase inhibitor and inhibits the production of deoxyribonucleotides needed for DNA synthesis (14) . Since deoxyribonucleotides are necessary for the polymerization of DNA strands after DNA repair, hydroxyurea will prevent the resynthesis of DNA strands.
After incubation, cells were washed with HBSS and subsequently incubated with 400-500 µl/well trypsin to detach the cells for 2-3 minutes at 37ºC. After trypsinization, PBS (0.4-0.5 ml/well; pH 7.4) was added to resuspend the cells. The cells were transferred into eppendorfs and centrifuged for 5 minutes at 3000 rpm. Next, the supernatant was removed of the cell pellet and the cells were stored in a fridge until processing for the single cell gel electrophoresis.
The single-cell gel electrophoresis (comet) assay
The single cell gel electrophoresis assay was essentially the same as described by Singh et al. (1988) . Briefly, after treating the cells with different treatments, the cell pellet was suspended with 100 µl of 1% low-melting-point (LMP) agarose of 37ºC and layered onto superfrosted glass microscope slides pre-coated with normal-melting-point agarose. The slides were covered with a coverslip and stored at 4 ºC for 5-10 minutes to solidify the lowmelting-point agarose. In addition, the coverslips were removed and the slides were placed into slide holders containing cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris [pH of the median of the tail moment were calculated for each sample. Since data showed a non-normal distribution, the median of the tail moment was used for processing the data.
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Statistical analysis
The results are presented as mean ± standard error of mean (mean ± SEM). The data provided by using the comet assay were analysed using the ANOVA test and the bonferroni post hoc test. The statistical significance was defined as p < 0.05 for all tests. Statistical analyses were analysed with SPSS for Windows (version 19.0; SPSS, Inc, Chicago, IL).
Results
The DNA damaging effects of Basic Yellow 57, resorcinol and hydrogen peroxide First, the DNA damaging effects of the single hair dye components were assessed using the Comet assay. Before studying the potential DNA damaging effects of the combination of these components, it is important to detect which concentration of each component is useful for testing these combinations. With regard to hydrogen peroxide, treatments of keratinocytes with 100 µM H 2 O 2 increased DNA strand break formation in contrast to the other tested concentrations (not shown in figure) . Basic Yellow 57 (10, 50 and 100 µg/ ml BY57) increased the induction of DNA damage relatively to the untreated cells (not shown in figure) . In contrast, all the tested concentrations resorcinol did not induce DNA damage (not shown in figure) . After the hair dye components concentrations of 100 µM were replicated in 6-fold, hydrogen peroxide and BY57 significantly (p < 0.0001 and p < 0.05) increased the induction of DNA fragmentation (figure 1). 
The DNA damaging effects of a NADPH oxidase inhibitor in combination with the hair dye components
To elucidate the possible mechanisms of BY57 and hydrogen peroxide induced DNA damage, diphenyleneiodonium (DPI) was used as an NADPH oxidase inhibitor to determine whether this damage is caused by NADPH oxidase generated reactive oxygen species (ROS) (figure 3).
The 100 µg/ml Basic Yellow 57 did induce the level of DNA damage in keratinocytes ( figure   1 ) and was therefore used for evaluating the mechanisms behind this effect. Each treatment increased the DNA fragmentation relatively to the untreated cells. DPI (50 µM) itself induced the DNA strand break formation as well as the combinations that contain DPI (figure 3).
The DNA damaging effects of DPI in comparison with a DNA repair inhibitor
To determine whether the induced DNA fragmentation could be caused by inhibition of the DNA repair system, hydroxyurea (HU), a DNA repair inhibitor, was added to the skin cells. In addition, the cells were exposed to a lower DPI concentration (10 µM) as well, to determine whether the DNA damaging effects of DPI is dose-dependent (figure 3). The relative values of each treatment were displayed to determine whether an induction of DNA damage was caused by the sum of two separate treatments or an additional effect. inhibitor, thus it can be excluded that hydrogen peroxide causes DNA fragmentation via NADPH oxidase. Since mitochondrial respiration is a major source of cellular ROS, it was suggested that the source of the DNA damage caused by hydrogen peroxide could be induced via mitochondrial ROS. However, several studies indicated that DPI is also an inhibitor of mitochondrial ROS production at concentrations that inhibit NADPH oxidase and therefore reduce the production of superoxide caused by mitochondrial respiration (13, 16) . This finding suggests that hydrogen peroxide has a direct DNA damaging effect (6, 7). The potential mechanisms of the remarkable DNA damaging effects of DPI will be explained below.
BY57 in combination with
The exposure of human keratinocytes to 100 µg/ml BY57 significantly increased the induction in DNA strand breaks. Since a previous study showed that low concentrations of BY57 (40 and 80 µg/ml) induced the intracellular levels of reactive oxygen species (ROS) in human keratinocytes, the source of the potential DNA damaging effects is likely to be these ROS [Thalita Boldrin Zanoni, Personal communication] . This is the reason why addition of antioxidants will not reveal the mechanism of the inducible damage caused by BY57.
Therefore, an NADPH oxidase inhibitor, diphenyleneiodonium (DPI), was added to the skin cells to investigate whether the ROS was derived from NADPH oxidase. In contrast to the expectations, the addition of DPI (50 µM) as well as the addition of BY57 in combination with DPI lead to a significant increase in DNA damage in the human keratinocytes instead of a reduction of the BY57 induced DNA damage. These findings indicated that DPI is responsible for the induction of DNA fragmentation instead of the expected reduction.
With regard to the relative values, the induction of DNA fragmentations is probably due to the effects of DPI, whereas the induction in DNA strand breaks by BY57 only was not detectable anymore. The same effects were detected when the human keratinocytes were exposed to a lower concentration of DPI (10 µM (17). In physiological conditions, NADPH oxidase has a low level of activity (18, 19) . The addition of DPI to untreated keratinocytes most likely lead to the inhibition of BER, therefore the endogenous damage will not be repaired anymore and lead to a detectable induction of DNA damage (figure 4). from the cytoplasm into the nucleus is activated upon ROS generated by NADPH oxidase. DPI, an NADPH oxidase inhibitor, is able to inhibit NADPH oxidase and therefore the translocation of APE1/Ref-1 into the nucleus will be prevented. BY57 is a potential stimulator of ROS generated by NADPH oxidases (17) . Addition of DPI will prevent the potential stimulation of NADPH oxidase by BY57. The effect of BY57 is not confirmed yet and is therefore indicated with a question mark.
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As mentioned above, BY57 in combination with both concentrations DPI lead to an induction of DNA fragmentation probably caused via DPI instead of an additional effect of BY57. Since DPI inhibits ROS generated by NADPH oxidase, these findings may indicate that BY57 could potentially stimulate NADPH oxidase which could induce DNA fragmentation via the production of ROS. In this case, DPI will inhibit the DNA damage inducing effects of BY57 via the inhibition of NADPH oxidase.
However, the addition of a DNA repair inhibitor, hydroxyurea (HU), to control keratinocytes increased the formation of DNA strand breaks (figure 3). It was expected that the addition of HU in combination with BY57 will lead to an additional induction of DNA fragmentation, since BY57 itself caused increased DNA damaging levels. In contrast, the levels of DNA fragmentation in the combination treatment (BY57 plus HU) seem to be equal to the level of DNA fragmentation caused by the addition of HU to the control skin cells ( figure 3 ). This is an unexpected finding and could not be explained by the present results and available literature. No conclusion could be drawn from the DNA damaging enzymes that cleave the phosphodiester bond within a DNA strand that causes more DNA breaks. Normally, the inhibition of an endonuclease will lead to less breakages. However, this is not the case in the comet assay, since the high pH value of the electrophoresis buffer (pH >12) during the electrophoresis still creates a breakage into the DNA.
Conclusion
The aim of this study was to investigate the DNA damaging effects of BY57 in combination with hydrogen peroxide and resorcinol in human keratinocyte (HaCaT) cells. Furthermore,
another aim of the present study was to evaluate the potential DNA damaging mechanisms caused by these hair dye components. To conclude, the exposure of human keratinocytes to Basic Yellow 57, hydrogen peroxide and the combination treatments of the hair dye components containing hydrogen peroxide lead to an induction of DNA fragmentation.
However, the possible working mechanism of DNA damaging effects caused by BY57 remains unclear. The DNA damaging effects of DPI could suggest an inhibition of the DNA repair system via the inhibition of NADPH oxidase. Since this effect is not confirmed by the results of the DNA repair inhibitor (HU), no conclusion could be drawn from these findings.
To elucidate the possible DNA damaging mechanisms of BY57 on human keratinocytes, further research is needed.
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